INTRODUCTION
The Wnt signaling pathway is a key player in embryonic development and adult tissue homeostasis (for reviews on the Wnt signaling pathway, see Clevers, 2006; Huang and He, 2008) . In Drosophila, Wingless (Wg) controls segment polarity during larval development and patterns the wing imaginal disc. In Xenopus, maternal Wnt11 initiates axis formation (Tao et al., 2005) . In mouse, Wnt3 Ϫ/Ϫ embryos lack primitive streak, mesoderm, and node (Liu et al., 1999) , Wnt1 Ϫ/Ϫ mice harbor severe defects in brain development (McMahon and Bradley, 1990; Thomas and Capecchi, 1990) , and
Wnt5a
Ϫ/Ϫ animals display defects in limb patterning (Yamaguchi et al., 1999) . Wnts are secreted proteins that are modified by the addition of palmitic acid on the first conserved cysteine and palmitoleic acid on a highly conserved serine residue (Willert et al., 2003; Takada et al., 2006) . While these modifications render Wnt proteins hydrophobic (and thus unlikely to diffuse freely through the extracellular aqueous environment), they act as morphogens (Strigini and Cohen, 2000) and signal to cell populations distant from their site of production. This apparent discrepancy implies that, in vivo, Wnt proteins might be chaperoned while traveling in the extracellular matrix (ECM) from the sending to the receiving cell.
Heparan Sulfate ProteoGlycans (HSPGs) are components of the ECM. They consist of a protein core with covalently attached heparan sulfate (HS) chains composed of copolymers of uronic acid and glucosamine sulfated at various positions. Members of the HSPG family were shown to act as a reservoir or modulator for several growth factors and signaling molecules (for reviews on HSPGs and HS, see Bernfield et al., 1999; Whitelock and Iozzo, 2005) . Genetic screens in Drosophila have unraveled interactions between the Wg signaling path-way and HSPGs. Flies mutated in genes involved in HS synthesis such as sugarless, sulfateless, tout-velu, sister of tout-velu, and brother of tout-velu display wg phenotypes including loss of naked cuticle, decreased target gene expression, and notches at the wing margin (Binari et al., 1997; Hacker et al., 1997; Haerry et al., 1997; Lin and Perrimon, 1999; Bornemann et al., 2004; Han et al., 2004; Takei et al., 2004) . Furthermore, embryos harboring mutations in the proteoglycan protein cores dally and dally-like phenocopy Wingless loss-of-function (Lin and Perrimon, 1999; Tsuda et al., 1999; Baeg et al., 2001) . In vertebrates, the Xenopus homolog of the heparan sulfate copolymerase tout-velu, XEXT1, is necessary for Wnt11-induced axis formation (Tao et al., 2005) , and the sulfatase QSulf1 regulates Wnt-dependent embryo patterning in the quail (Dhoot et al., 2001) .
The nature of the interactions between the Wnt signaling pathway and HSPGs is not clear, but several lines of evidence suggest that HSPGs influence Wg signaling through ligand stabilization. For instance, while Wg overexpression can rescue sugarless mutants (Hacker et al., 1997) , Wg protein cannot be detected at the surface of sugarless embryos or sulfateless wing imaginal disc clones (Baeg et al., 2001; Pfeiffer et al., 2002) . Similarly, overexpression of dally-like leads to sequestration of Wg at the cell surface (Baeg et al., 2001 ) but dally-like mutant wing imaginal disc clones accumulate Wg at their boundaries (Kirkpatrick et al., 2004) . Finally, Wnt proteins have been shown to interact with HSPGs (Ai et al., 2003; Tao et al., 2005) , in a dynamic interaction where the HS sulfatase QSulf1 can promote Wnt signaling in a cell-autonomous manner by lowering the affinity of the HS chains for Wnt proteins (Dhoot et al., 2001; Ai et al., 2003) .
While there is no doubt that HSPGs stabilize Wnt proteins, the mechanism by which this stabilization is achieved remains elusive. In this study, we used purified proteins to demonstrate that HSPGs maintain the activity of Wnt3A by preventing its aggregation in the extracellular environment.
RESULTS

Serum Stabilizes Wnt Protein Activity
Because of their hydrophobicity, purified Wnt proteins are known to aggregate in solution unless stabilized by detergent or serum (Willert et al., 2003; Willert, 2008) . To characterize the stabilizing property of serum, purified Wnt proteins were incubated in serum-free or serum-containing media for increasing lengths of time. Wnt activity was then analyzed on LS/L cells, which are mouse L cells that had been stably transfected with a Wntresponsive luciferase reporter plasmid (Blitzer and Nusse, 2006) . As shown in Figure 1A , Wnt signaling activity was reduced by 3-fold immediately upon dilution in serum-free medium. Further incubation resulted in complete loss of activity. In contrast, the signaling activity of Wnt proteins was only marginally reduced after 6 hr of incubation in medium containing 10% fetal bovine serum (FBS). To eliminate the possibility that the stabilizing effect of FBS could be due to an inert chemical, serum-free and serumcontaining media were heated at 95°C for 15 min, allowed to cool down at room temperature, and used in a Wnt reporter assay. Heat treatment completely ablated the stabilizing effect of FBS (Fig. 1B) . This was not seen when the medium was heated prior to theaddition of FBS (Fig. 1B, "after") , excluding a contribution of the medium itself. Altogether, these experiments indicate that the stabilizing activity of FBS is heat-labile and probably involves biomacromolecules. To characterize this activity, we separated the components of FBS according to their size by gel filtration (Fig. 1C ) and analyzed the fractions for their ability to stabilize Wnt activity. As shown in Figure 1D , the high molecular weight fractions were the most potent in this assay, indicating that the serous stabilizing activity was mediated by large molecules or complexes.
Heparan Sulfate Proteoglycans Stabilize Wnt Protein Activity
Since heparan sulfate proteoglycans are present in serum and have been shown to influence the activity and extracellular distribution of Wnt molecules, we specifically asked whether HSPGs could stabilize Wnt protein activity. When added to serum-free medium, HSPGs could stabilize Wnt activity in a dose-dependent manner ( Fig. 2A ). This stabilization could not be achieved by the control protein BSA (Fig. 2B ) or by the individual HSPG components heparan sulfate ( Fig. 2C ) and D-glucuronic acid ( Fig. 2D ), suggesting that it is mediated by intact HSPG molecules. In support of this, the stabilizing effect of HSPGs was significantly decreased upon incubation with Heparitinase III, an enzyme that selectively cleaves heparan sulfate chains (Fig. 2E ). To examine whether proteolytic digestion of the core protein of HSPG would affect Wnt protein stabilization, we first showed that both trypsin and proteinase K were active under the conditions used (as seen by loss of Wnt3A activity), and that addition of the protease inhibitor phenylmethanesulphonyl fluoride (PMSF) prior to Wnt3A protected the protein from degradation and maintained its activity (Fig. 2F) . When HSPGs were incubated with either protease prior to the addition of PMSF, they lost their ability to stabilize Wnt3A activity (Fig. 2G) , suggesting that the core protein of HSPGs is also important for their stabilizing effect. Altogether, these experiments demonstrate that HSPGs can stabilize Wnt signaling activity in solution, and suggest that this action is accomplished by intact HSPG molecules. The stabilization activity of HSPG is sensitive to Heparitinase III. Wnt3A proteins were incubated for 4 hr in DMEM (alone or supplemented with 10 g/mL HSPGs, 5 g/mL HS, or 1.4 g/mL DGUA) in the absence (Ϫ) or presence (ϩ) of Heparitinase III and assayed on LS/L cells. P values are calculated using the Student's t-test (two-tailed, homoscedastic). F: Wnt3A activity is not impaired by Proteinase K (PK) or trypsin in the presence of PMSF. Trypsin or PK were incubated for 1 hr, then added to Wnt3A solutions in the absence or presence of PMSF, incubated for 1 hr, and assayed on LS/L cells. G: HSPG core protein is important for the stability of Wnt3a. HSPGs were initially treated with either proteinase K (PK) or trypsin. After 2 hr, PMSF was added; the reaction was incubated for 10 min, incubated in DMEM containing Wnt3A or vehicle for 1 hr, and assayed on LS/L cells.
Heparan Sulfate Proteoglycans Act by Preventing Wnt Protein Aggregation
To better understand the mechanism by which HSPGs stabilize Wnt activity, we first checked their effect in the presence of serum. As shown in Figure  3A , addition of HSPGs had no effect on Wnt signaling activity when the proteins were incubated in serum-containing medium, suggesting that HSPGs do not signal independently to the Wnt pathway. To confirm this, HSPGs were added to Wnt reporter cells in the presence or absence of Wnt proteins (Fig. 3B) . From the results of this experiment, it is obvious that HSPGs cannot activate the pathway on their own. Therefore, they must act in concert with Wnt proteins. HSPGs could act either by stabilizing Wnt activity in the medium or by sensitizing cells to Wnt signals. To discriminate between these two possibilities, HSPGs and Wnt proteins were incubated either separately (Ϫ) or together (ϩ) in serum-free medium (Fig.  3C) . When incubated separately, all activity was lost, suggesting that HSPGs do not act by sensitizing the cells to lower amounts of Wnt protein but rather by stabilizing the protein, or its activity, in solution. When 10% FBS was used instead of HSPGs, the same effect was observed, indicating that HSPGs and serum are likely to stabilize the activity of Wnt3A via a similar mechanism. To determine whether HSPGs were acting at the level of protein stability or activity, we incubated Wnt proteins with or without HSPGs in serum-free medium and then spun the solutions for 1 hr at 16,000g. The pellet was directly resuspended in sample buffer while the supernatant was incubated overnight with blue sepharose beads that were then washed and resuspended in sample buffer (labeled s/n). In the absence of HSPGs, Wnt proteins aggregated and were exclusively found in the pellet (Fig. 3D) . In contrast, the majority of Wnt proteins were found in the supernatant upon incubation with HSPGs. The same was true when the experiment was conducted in the presence of 10% FBS (Fig. 3D ). This clearly indicates that HSPGs, like serum, exert their stabilizing effect by preventing Wnt proteins from aggregating in aqueous environments.
DISCUSSION
Heparan Sulfate Proteoglycans (HSPGs) play crucial roles during development. They are associated with the cell surface and extracellular matrix of a wide range of cells of vertebrate and invertebrate tissues, and are essential cofactors in cell-matrix processes, cell-cell recognition systems, and receptorgrowth factor interactions. An increasing amount of data demonstrate that HSPGs play crucial roles in modulating a wide variety of signaling pathways (for a review, see Whitelock and Iozzo, 2005) . These large molecules influence the activity and extracellular distribution of Wnt molecules but the precise mechanism by which they act remains elusive. Their known presence in serum (Dziadek et al., 1985) and our observation that high molecular weight serous fractions were enriched for a Wnt stabilizing activity prompted us to specifically ask whether HSPGs could stabilize Wnt protein activity in solution. Our results clearly demonstrate that purified HSPGs can maintain the activity of purified Wnt proteins in solution. This specific activity is likely to depend on intact HSPG molecules since it was sensitive to proteolysis and HS chains cleavage. Furthermore, the observed effect of HSPGs on Wnt3A could not be mimicked by heparan sulfate, D-glucuronic acid, or the control protein bovine serum albumin. HSPGs could act either by sensitizing the cells to lower levels of Wnt proteins, a mechanism used by proteins such as R-spondin (Binnerts et al., 2007) , or by stabilizing the activity of Wnt proteins at the protein level. We found the latter to be true as incubation with Wnt proteins was essential for HSPGs to exert their stabilizing function. We further demonstrated that HSPGs act by preventing the aggregation of Wnt ligands that normally occurs in an aqueous environment. This is most likely achieved through direct interaction between proteoglycans and Wnt proteins, as such an interaction has been observed between glypican1 and XWnt8 (Ai et al., 2003) . It will be interesting for future studies to address the specificity of the interactions between different HSPG family members and Wnt proteins.
The role of HSPGs in the regulation of the Wnt pathway has been extensively studied, notably during the patterning of the Drosophila wing imaginal disc where HSPGs have been shown to influence Wg distribution (see Introduction section). In vertebrates, experiments performed on Xenopus animal cap explants have shown that heparinase treatment led to inhibition of Wnt-induced mesodermal markers as well as impaired mesoderm formation, a phenotype that could be rescued by exogenous HSPGs (Itoh and Sokol, 1994) . Similarly, the membrane-anchored HSPG knypek (XGly4) has been shown to potentiate XWnt11-induced convergent extension movements during gastrulation (Topczewski et al., 2001) , and both the glycosyl transferase XEXT1 and the sulfatase XtSulf1 have been shown to be required for XWnt11-induced axis formation (Tao et al., 2005; Freeman et al., 2008) . In mouse, knockout of glypican-3 perturbs the balance between the Wnt/␤-catenin and the Wnt/ planar cell polarity pathways (Song et al., 2005) .
While all these studies extend the observation that HSPGs modulate the Wnt signaling pathway to vertebrates, experiments performed in Xenopus have revealed that additional layers of complexity exist in the developing embryo. For example, the syndecan XSyn4 was shown to bind directly to Frizzled-7 (xFz7) and Disheveled (xDsh) to activate the Wnt/planar cell polarity pathway (Munoz et al., 2006) , and the extracellular sulfatase XtSulf1, which has an important role in the post-synthetic remodeling of the HS chains and, therefore, generates diversity among HSPGs, was recently shown to favor the Wnt/␤-catenin signaling pathway by facilitating the interaction between XWnt11 and LRP6 (Freeman et al., 2008) . Thus, HSPGs can also regulate Wnt signaling through direct interactions with receptors and components of the Wnt signal transduction machinery.
Wnt proteins have been shown to associate with lipoprotein particles (Panakova et al., 2005; Neumann et al., 2009) , which themselves interact with HSPGs (Eugster et al., 2007) . It is tempting to speculate that HSPGs mediate the interaction between Wnt proteins and lipoprotein particles to ensure proper spreading of Wnt ligands in the extracellular environment. Finally, Dally-like has been shown to be required for Wg to transcytose from the apical to the basolateral side of wing imaginal discs in order to permit long-range signaling (Gallet et al., 2008) . All these mechanisms are likely to act in concert with the stabilizing effect of HSPGs on Wnt ligands described in this study to ensure proper control of Wnt signaling during development.
EXPERIMENTAL PROCEDURES
Cells, Chemicals, and Antibodies
LS/L cells were obtained by stable transfection of mouse L cells with the plasmids pSuperTOPFlash (Veeman et al., 2003) and pEF1/Myc-His/lacZ (Invitrogen). Cells were cultured in DMEM supplemented with 10% fetal bovine serum (Omega Scientific) and 1% penicillin-streptomycin-glutamine (Gemini Bio-products). Heparan Sulfate Proteoglycans (HSPG), Heparan Sulfate (HS), and D-Glucuronic Acid (DGUA) (respectively, H4777, H7640, and G5269) were obtained from Sigma-Aldrich. Heparinase III (50-120) was obtained from IBEX Technologies Inc. Wnt3A protein was detected by Western blotting using a rabbit antibody developed in the laboratory (Willert et al., 2003) at 1:1,000. Trypsin (T1426) was obtained from Sigma-Aldrich and Proteinase K from Roche.
Wnt Purification and Serum Fractionation
The Wnt3A purification is a modification of Willert et al. (2003) using Drosophila S2 cells that stably express the Wnt3A protein. The medium was conditioned for 7 days, filtered through a 0.2-M pore filter (Nalgene), adjusted to 1% Triton X-100 (Sigma), and applied to a blue (Cibacron blue) Sepharose HP column (Amersham Biosciences) previously equilibrated in binding buffer (150 mM KCl, 20 mM Tris-HCl, 1% CHAPS, pH 7.5). After washing with binding buffer, bound proteins were eluted in a single step with elution buffer (1.5 M KCl, 20 mM Tris-HCl, 1% CHAPS, pH 7.5). The trailing fractions of the eluate (after the main protein peak), enriched for Wnt3A proteins, were combined, concentrated using Centriprep-30 filter units (Millipore), and fractionated on a HiLoad 26/60 Superdex 200 column (Amersham Biosciences) in gel filtration buffer (PBS, 0.5 M NaCl, 1% CHAPS, pH 7.6). The peak fractions were diluted 3.65 times with PB supplemented with 1% CHAPS, and ran through a HiTrap Chelating column (Amersham Biosciences) previously loaded with copper and washed with binding buffer II (20 mM NaH 2 PO 4 , 500 mM NaCl, 10 mM imidazole, 1% CHAPS, pH 7.6). Bound proteins were eluted with increasing amounts of elution buffer II (binding buffer II with 500 mM imidazole). A concentration of Wnt3A proteins was evaluated at 50 g/ml by Coomassie staining using Bovine Serum Albumin as standard.
For serum fractionation, 8 ml of Fetal Bovine Serum (Omega Scientific) was fractionated on a HiLoad 26/60 Superdex 200 column (Amersham Biosciences) in DMEM. Ten-milliliter fractions were collected, supplemented with 1% penicillin-streptomycin-glutamine, and filtered through 0.2-M Acrodisc filters (Pall Corp.).
Reporter Assay
Wnt3A protein activity was assayed on LS/L reporter cells, mouse L cells that had been stably transfected with the Wnt-responsive luciferase reporter plasmid pSuperTOPFlash (Veeman et al., 2003) , as well as a constitutive LacZ expression construct for normalization (pEF1/MycHis/lacZ, Invitrogen). Fifty thousand LS/L cells/well were seeded in a 96-well plate in 100 l of serum-free (Fig.  1) or complete (Figs. 2 and 3 ) medium. Six hours later, the Wnt3A activity of the various samples was measured by adding 200 l of solution to each well. Alternatively, the LS/L medium was replaced by the solution to analyze (Fig. 1A and B) . The next day, luciferase and ␤-galactosidase activities were measured with the dual-light combined reporter gene assay system (Applied Biosystems) with a Centro LB960 luminometer (Berthold) according to the manufacturer's instructions. ␤-galactosidase activity was used to normalize the values, which are represented with their standard deviation.
Wnt Incubation
Unless otherwise noted, all incubations were performed at 37°C. In sum, 250 ng/ml (Fig. 1A and B) , 500 ng/ml (Figs. 1D to 3B, Fig. 3C , "ϩ"), or 1 g/ml (Fig. 3C , "Ϫ") of Wnt3A proteins were incubated under various conditions (detailed in the figure legends). Following incubation, the solutions were analyzed for Wnt3A activity as described above. All media were supplemented with 1% PSQ.
Heparitinase III Assay
Wnt3A (500 ng/ml final) was incubated for 4 hr at 37°C in DMEM/1% PSQ (alone or supplemented with 10 g/ml HSPGs, 5 g/ml HS, or 1.4 g/ml DGUA). Where indicated, 1 L Heparinase III (EC number 4.2.2.8, Catalog number 50-120, Ibex Pharmaceuticals Inc.) was added to the tubes at the beginning of incubation.
Protease Assay
Proteinase K (35 ng/l) or trypsin (35 ng/l) was incubated in DMEM for 1 hr. The reactions were diluted 5-fold in DMEM in the presence of different combinations of Wnt3A (250 ng/ml), PMSF (1 mM), and vehicle. After 1 hr of incubation, the solutions were assayed for Wnt activity on LS/L reporter cells. When HSPGs were subject to proteolytic digestion, Proteinase K or trypsin (both at 35 ng/l) were incubated with 100 g/ml HSPGs in DMEM for 2 hr, then mixed at 1:1 with DMEM supplemented with 1 mM PMSF, incubated 10 min on ice, and diluted 5-fold in DMEM supplemented with 1 mM PMSF and 250 ng/ml Wnt3A or vehicle. After 1 hr of incubation, the solutions were assayed for Wnt activity on LS/L reporter cells. As a positive control, 250 ng/ml Wnt3A was incubated with 10 g/ml HSPGs and 1 mM PMSF for 1 hr and further assayed for Wnt activity on LS/L reporter cells.
Wnt Solubilization Assay
Wnt3A proteins (500 ng/ml final) were incubated with or without 10 g/ml HSPGs in serum-free medium at room temperature. Four hours later, the solutions were pelleted at 16,000g for 1 hr at 4°C using a table-top centrifuge. The pellet was resuspended in SDS-PAGE buffer while the supernatant was mixed with blue sepharose beads and incubated o/n at 4°C. The beads were washed with binding buffer and resuspended in SDS-PAGE buffer. As a control, Wnt3A was incubated in complete medium and processed identically.
